Introduction
Most cells are diploid in mammals, but some rare cells are polyploid. In their vast majority, polyploid cells are formed by fusion as for the osteoclast or myoblast. However, other mechanisms leading to an increase in DNA content occur in a few number of cell types with the best characterized being polyploidization of hepatocytes and megakaryocytes (MK) 1 . One characteristic of MK polyploidization is its occurrence as a normal process during differentiation and in the absence of any hematopoietic stress. Indeed, in the adult, nearly all mature MKs in the bone marrow are polyploid.
Committed MK progenitors initially proliferate by a mitotic process but, later on during MK differentiation after the synthesis of platelet specific protein has begun, cells switch to an endomitotic process to increase their ploidy level 2, 3 . During normal adult human or murine megakaryopoiesis, polyploidization usually stops at 16N. However, induction of a thrombocytopenia may increase ploidy to a 32N or 64N level through thrombopoietin (TPO) stimulation 1 . After the end of DNA replication, MKs undergo terminal differentiation and markedly increase protein synthesis that leads to granule biogenesis and the development of demarcation membranes required for platelet biogenesis 4 ,5 ,6 . Thus, MK differentiation takes place in three successive steps: proliferation, polyploidization and cytoplasm maturation that finally lead to proplatelet formation and platelet release.
However, there is evidence that polyploidization is not an obligatory phenomenon for the formation of platelets: MKs in fetus and neonate have a low ploidy level and some 2N or 4N MKs in neonate, called micromegakaryocytes (microMKs), are able to shed platelets 7 ,8 .
Similarly, in myeloproliferative or myelodysplastic syndromes, microMKs shedding platelets have been observed 9 . The ploidy levels of MK produced in culture from human CD34 + cells are much lower than in the marrow, however these MKs have the capacities to generate platelets 10 .
Therefore, it is assumed that the main role of MK polyploidization is to facilitate the increase in cell size without losing the energy required for caryo-and cytokinesis. As platelets are MK cytoplasmic fragments, polyploidization increases the overall MK mass resulting in an increase in platelet formation.
However, polyploidization may have other functions. It has been suggested that MKs from different ploidy levels produce platelets with different functions. Especially, platelets originating from high ploidy MKs are thought to be more easily activated than platelets generated from MKs with a lower ploidy 11 . Therefore, polyploidy may regulate gene expression, MK maturation and consequently platelet functions 12 . In favor of this hypothesis, it has been demonstrated that polyploidization up or down regulates gene expression of a small number of genes in yeast 13 . Whether polyploidization affects gene expression in MKs is not known. We have previously demonstrated that polyploidization was associated with a functional gene amplification 14 and were not subjected to an epigenetic silencing as demonstrated in plants 15 ,16 .
To know whether polyploidization governs gene expression in MKs, we cultured human CD34 + cells in the presence of TPO and sorted MKs according to their ploidy level. Gene profiling at different ploidy levels was studied using high density oligonucleotide microarrays. Surprisingly, only a low number of genes (about 300) were regulated during polyploidization. Down-regulated genes corresponded mainly to immature markers of the MK differentiation as well as genes implicated in DNA replication and repair. In contrast, upregulated genes segregated with genes involved in platelet function and cytoskeleton organization. These results suggest that polyploidization is implicated in the process of megakaryocyte terminal differentiation and may indirectly regulate platelet functions. containing penicillin (100 U/mL), streptomycin (100 µg/mL), glutamine (2 mM) (Sigma), α-monothioglycerol (76 nM, Sigma St Louis, Mo), 1.5% deionized bovine serum albumin (BSA; Cohn fraction V; Sigma), 1/100 Insulin-Transferrin-Selenium X (Gibco BRL) and sonicated lipids (20 µg/mL) 18 . The culture medium was supplemented with TPO (10 ng/mL) (a generous gift from Kirin Brewery, Tokyo, Japan).
Cell sorting of megakaryocytes
Cells were recovered after 8 days of culture and incubated for 30 min at 4°C with the antiCD41a MoAb conjugated with FITC (BD Pharmingen, San Diego, CA) in PBS. After washing in PBS-EDTA, cells were incubated for 2 h in 0.01mM Hoechst 33342 (Sigma, Saint Quentin Fallavier, France) at 37°C. Morphologic and sorting gates were determined as previously described 3 and CD41 + cells were sorted into 2N and 4N or 8N and 16N cell fractions at 500 cells/sec using a FACSDiva flow cytometer (Becton Dickinson, Mountain View, CA) equipped with two argon lasers (tuned to 488 and 360 nm, respectively, and operating at 500 mW; Coherent Radiation, Palo Alto, CA) and a 100 µm nozzle.
RNA extraction and purification
Frozen cell samples in pellets were lysed using 350 µL RLT lysis buffer (RNA lysis buffer containing guanidine isothiocyanate; Westburg, Leusden, The Netherlands) reconstituted with 1% β-mercapto-ethanol. Total RNAs were isolated using the Rneasy microkit (Qiagen, S.A., ribosomal RNAs ratio (Figure 1a ). All samples included in this study displayed a ratio of ribosomal RNAs superior to 1.5.
Oligo microarray technology
The Agilent long oligonucleotide (60 mers) technology is based on a dual color analysis method in which probes from samples and the reference are differentially labeled using incorporation of Cyanine 5 and Cyanine 3, respectively, and with inversed labeling. Dye swap experiments were performed. Two different complementary rounds of experiments were carried out starting from the same samples. In the first design, the reference was RNA of 2N MKs and the samples were RNA of 4N, 8N and 16N MKs, and experiments were conducted as dye swap runs. In the second design, the reference was a pool of RNA obtained by mixing equal amounts of total RNA from each of the 4 samples used in the analysis. The quality of hybridization is shown on Figure 1b and c. The study included a reference versus reference control to assess accuracy of the method.
Probes were prepared according to the manufacturer (Agilent's Low Fluorescent Low Input Linear Amplification kit) from 500 ng total RNA. First, double stranded cDNAs were synthesized using the MMLV reverse transcriptase and an oligodT-T7 RNA polymerase promoter. Then, cDNAs were used as a template for an in vitro transcription process. CTPCy3 or CTP-Cy5 labeled cRNAs were fragmented to an average size of 50 to 100 nucleotides by heating the samples at 60°C using the specific fragmentation buffer provided by Agilent.
One µg of purified cRNA from each sample was mixed with the same amount of reference cRNA. Hybridization was performed on Human Whole Genome 44k oligonucleotide microarrays (ref G4112A, Agilent) using reagents and protocols provided by the manufacturer.
Feature extraction software provided by Agilent (Version 7.5) was used to quantify the intensity of fluorescent images and to normalize the results using the local background subtraction method according to the manufacturer.
Microarray Analysis
The Resolver system for gene expression data analysis developed by Rosetta Inpharmatics was used to perform analysis of variance (ANOVA). Clusters were created by means of the agglomerative hierarchical clustering algorithm. The Pearson correlation based distance metric, employing the average link as heuristic criteria was used. The class prediction option of BrB ArrayTools software version 3.2 (http://linus.nci.nih.gov/BRB-ArrayTools.html) was applied to discover genes that best discriminate the 2N+4N from the 8N+16N, at a level of pvalue of 0.001.
Data availability
All data obtained from the microarray analysis have been submitted to Array Express at the European Bioinformatics Institute (http://www.ebi.ac.uk/arrayexpress/) (accession number E-TABM-133). Array Express is a public repository for microarray data aimed at storing wellannotated data in accordance with "Microarray Gene Expression Data" recommendations (http://www.mged.org).
Quantitative reverse transcriptase PCR (QRT-PCR)
The Applied Biosystems 7900 HT Microfluidic cards with 384 wells (Applied Biosystems, Foster City Ca) were used. Selected 61 genes shown by microarray analysis to be differentially expressed were included in the cards that were divided into 8 sets of assays. The Microfluidic cards were built for this study (correspondence between Gene symbol, RefSeq accession number and ABI test identity is provided in supplementary data Table 3 ). 
Results

Obtention of MK at different ploidy levels
CD34
+ cells obtained from cytapheresis samples were grown in serum free liquid culture in the presence of TPO. In these culture conditions, CD41 + cells were detected as early as day 2
and their number gradually increased until day 9. The presence of polyploid cells was usually detected on day 6 with a variable frequency among samples. After day 9 or 10, MKs became too fragile to be sorted, thus we chose day 9 of culture to perform the experiments. In addition, the number of CD41 + cells was optimum, peaking at 80% as previously reported necessary to collect MKs from 7 cytapheresis samples to make one pool and two pools were prepared for our study. After sorting MKs in each ploidy class, cells were re-analyzed and the purity was over 95%.
Microarray expression analysis of MKs of different ploidy level
Gene expression profiles from MKs sorted according to their ploidy levels were obtained The expression profiling data indicate that it is possible to identify polyploid MKs by their gene expression and thus validate our approach. However, our main interest was to characterize the genes regulated during polyploidy and not only to define a signature for MK polyploidy. To precisely determine which genes are regulated during polyploidization, we essentially used the second approach that allows a comparison of the four populations. Nine hundred and forty three sequences were clustered into 8 clusters. Five clusters did not correspond to genes of interest because they varied independently of the ploidy level. Thus, our study was focused on the three remaining clusters (Figure 2c ).
Validation of the microarray results by QRT-PCR technique
To Table 3 .
Profile of up-regulated and down-regulated genes during polyploidization
Genes regulated by ploidy were grouped into three clusters ( Figure 2c ) and analyzed according to their biological role. The first cluster corresponded to genes continuously downregulated during polyploidization (144 sequences, 106 known genes), the second one to genes constantly up-regulated during polyploidization (205 sequences, 148 known genes) and the third one to genes which expression increases at 2N, 4N and 8N to reach a plateau at 16N
(206 sequences, 150 known genes). The two last clusters were difficult to discriminate; indeed, several oligonucleotides identifying the same genes were deposited on the microarray and the same gene could be classified in the second or the third cluster depending on the set of oligonucleotides. Thus, the two clusters comprising up-regulated genes were very close and analyzed together (248 genes).
Down-(106 genes) and up-regulated (248 genes) genes were classified into different categories according to their functions described on UniGene of PubMed. Results are shown in Table 1 . Among down-regulated transcripts, 24 of 106 corresponded to genes involved in DNA replication and recombination repair. They included all MCM gene transcripts, CDC6
and CDC45L involved in DNA replication. One gene product involved in DNA repair, RAD21, was up-regulated but RAD21 is also involved in the regulation of the mitotic cohesin complex and its destruction facilitates chromosome segregation. In addition, some important genes involved in proliferation such as E2F1, CDC2L1, CDCA7 and MYB, were downregulated as well as metabolic genes involved in purine synthesis such as DHFR or MTHFD1.
Genes involved in cytokinesis such as LRPPRC were also down-regulated. Among the upregulated transcripts, we identify genes encoding negative regulators of proliferation and mitosis such as CDKN3, CDKN2D and cyclin G1 (CCNG1). One marked exception was the up-regulation of cyclin A2 (CCNA2). Altogether, these observations indicate that each cycle of polyploidization increases the probability to cell cycle exit.
The cluster of MHC class II genes (HLA-DR and DP) was also down-regulated during For 
Protein accumulation during polyploidization
Modulations of transcripts levels occurring during polyploidization should translate into parallel changes at the protein level. To assess this assumption, we selected 6 genes that were up-or down-regulated (up: GPIIIa (ITGB3), vWF, β-actin (ACTB), β2-microglobulin and down: CD71 and CD34) on microarray analysis and 2 other genes for which no statistical data in expression level could be seen (one MK-specific: GPIIb and one ubiquitous: GAPDH). 
Discussion
Polyploidization is a rare event in mammals and only concerns some rare types of cells.
Generally, polyploidization is not tolerated in human leading to spontaneous abortions. In contrast, polyploidy is common in yeast and plant and even occurs in amphibian and fish. In these species, polyploidization may facilitate flexibility and long term evolution by gene expression alteration due mainly to epigenetic silencing and the return to diploidization 15 ,16 ,20 ,21 ,22 .
In MKs, polyploidization is related to the requirement of cell enlargement necessary to optimize platelet biogenesis. Therefore, it appears that polyploidization is a manner to amplify the genome and thus to increase protein synthesis facilitating cell growth. One intriguing problem is to understand whether MK polyploidization regulates gene expression, as demonstrated in yeast, or whether polyploidization is a part of the differentiation process that leads to platelet production.
During in vivo marrow MK differentiation, polyploidization is a part of the differentiation process, but seems to be independently regulated from platelet formation. This assumption is based on several evidences: i) during MK differentiation, polyploidization precedes maturation. Such a phenomenon is in parallel with that observed in other hematopoietic lineages where complete cytoplasmic maturation is associated with postmitotic arrest; ii) some genes regulating platelet production, such as p45 , are not involved in the regulation of polyploidization whereas genes that increase MK ploidy, like cyclin D3, do not modify platelet level 24 ; iii) in some mouse background, the modal ploidy level is 32N instead of 16N without major changes in the platelet number or function 25 and iv) in human malignant hemopathies or during ontogenesis or in culture from CD34 + cells, it has been shown that some microMKs are producing platelets 7 ,8 . These 2N and 4N cells are mature MKs with a well-developed demarcation membrane system (DMS) and α-granules, and 4N MKs, a phenomenon that could be reminiscent of ontogeny where fetal MKs have a low ploidy 27 .
The fact that the clustering was not based on genes regulated by differentiation supports the hypothesis that our approach does not induce a major bias in the study of genes regulated during polyploidization. Therefore, we focused our study on genes that were either continuously down-regulated during polyploidization (i.e. which expression diminishes at each ploidy level) or up-regulated. For the up-regulated genes, it was difficult to discriminate between genes which expression constantly increased from 2N to 16N from those which expression increased till 8N and subsequently remained stable. Therefore, these two categories of genes were analyzed together. Taking in consideration that changes in expression on RNA level are followed by changes in protein level, this approach led to two major conclusions:
-A significant fraction of the down-regulated genes corresponded to genes involved in DNA replication such as CDC6 and MCM genes, proliferation or in DNA repair. MK polyploidization proceeds as a normal mitosis through a G1, S, G2 and M phases. However, mitosis is incomplete in MKs with an absence of karyokinesis and cytokinesis. Thus, each round of polyploidization is associated with a new S phase 28 explaining that CDC6 and MCM gene products play an important role in the polyploidization process. The finding that CDC6 and MCM genes were down-regulated with a ploidy level could reflect that the probability to increase ploidy diminishes at each ploidy level. In favor of this hypothesis, Brdu labeling shows that the percentage of MKs in S phase diminishes during ploidization (data not shown). However, we cannot eliminate the hypothesis that this decrease in S phase cells is related to a change in cell cycle during ploidization with a longer G1 phase and a shorter S phase. Such a change in cell cycle will also lead to a decrease in cells expressing DNA replication genes during polyploidization. Interestingly, none of the gene products presumably involved in the endomitotic process, such as cyclin D3 29 , cyclin B1 3,30 ,31 , Aurora B or survivin 32 ,33 ,34 were down-regulated during ploidization with exception for cyclin A2. From these data, it may be postulated that most genes involved in polyploidization are regulated at the protein level.
-A large fraction of up-regulated genes are related to MK differentiation, a finding in accordance to previous gene profiling studies aiming to study human MK differentiation 35 ,36 .
Indeed, it appears that genes down-regulated during polyploidization were not regulated by MK differentiation, except for the transcription factor MAX. In contrast, a large fraction of genes whose expression increased during polyploidization were also found to increase during differentiation in the two previous studies (F13A1, GRAP2, ITGB3 35 ,36 .
Recently, gene profiling has been performed on murine MKs at different levels of . On the opposite, when cyclin D3 and cyclin D1 were overexpressed in transgenic animals, the ploidy level was increased without an increase in platelet production 24 ,42 .
For personal use only. on September 24, 2017 . by guest www.bloodjournal.org From Our study clearly demonstrates that MK polyploidization differs from the other models of cell polyploidization. In yeast, it was shown that only 17 genes had a ploidy dependent expression without correlation with a precise function 13 . More recently, it has been shown in rat vascular smooth muscle that polyploidization was associated with aging and with a downregulation of a few numbers of genes 43 . In plants, polyploidization is associated with a downregulation of some genes by epigenetic silencing 15 ,16 . These data contrast with MK polyploidization that is associated with both an up-and down-regulation of multiple genes of which the majority corresponds to genes involved in terminal differentiation and platelet biogenesis. It would be interesting to know whether polyploidization of the hepatocyte has a biological significance similar to the MK polyploidization or also corresponds to cell aging.
Altogether our study demonstrates that MK polyploidization leads to the coordinated expression of genes involved in the arrest of DNA replication and in platelet functions and production. Therefore, polyploidization is a cell process that is part of terminal MK differentiation. How the polyploidization process may interact with the transcription machinery in MKs remains entirely to be elucidated. Raw data files from the Agilent Feature Extraction software for image analysis were imported into the Resolver™ system for gene expression data analysis from Rosetta informatics. Then, combined experiments were generated to obtain average values from the replicates and dye swap experiments in order to avoid dye incorporation bias. Microarray data were processed and combined using the Rosetta Reslover system as previously described 44 .
a: Hierarchical cluster analysis (2N, 4N, 8N or 16N ) and the intensity of hybridization of the MK pool. X absciss represents the different ploidy levels. 
